Abstract. Cohort splitting has been described as differences in time until maturation and / or life span in the same age group. Cohort splitting generally occurs when individuals of a cohort originating from the same season experience different environmental conditions, such as in early and late progenies. However, in the wolf spider Pardosa agrestis (Westring, 1861) spiderlings of the same clutch may follow either slow or rapid development, leading to a second adult peak within a year comprised of the rapidly developing individuals. We hypothesized that weather conditions experienced by the spiderlings in their early ontogeny may contribute to a life history decision between slow and rapid development. To test this hypothesis, we have used long term collection data and non-parametric habitat modeling. We found that highest abundance of the rapidly developing phenotype was correlated with a narrow range of early weather conditions. This result is in accordance with our early choice hypothesis, although the possibility remains that differential survival of the developmental morphs also contributes to the observed pattern.
Cohort splitting can be defined as a life history scenario in which individuals within a cohort exhibit variation in developmental rates, maturation time and / or life span, leading to a divergence of individual ontogenies within an age group (Danks 1992; Watts & Thompson 2012; Crowley & Hopper 2015) . This phenomenon is well described in several arthropod groups (Sunderland et al. 1976; David et al. 1993; Moreira & Peckarsky 1994; Townsend & Pritchard 1998; David et al. 1999; Bonte & Maelfait 2001; Johansson et al. 2001; Gonçalves et al. 2005; Koza´čekova´et al. 2009 ), as well as in some vertebrates (Newman 1989 (Newman , 1992 Post et al. 1997; Callihan et al. 2008) .
Different factors may play a role in orchestrating cohort splitting, such as genetic polymorphism, maternal effects and environmental cues (reviewed in Crowley & Hopper 2015) . Cases of environmentally induced differences in developmental trajectories are well described in animals, for example in relation to population density (Post et al. 1997) , prey availability (Pickup & Thompson 1990) , ambient temperature (Callihan et al. 2008) or photoperiod (Koza´čekova´et al. 2009 ). Such changes in developmental trajectories due to environmental factors are often regarded as bet-hedging strategies in unpredictable environments (Stearns & Crandall 1981; Tuljapurkar 1994; Watts & Thompson 2012) , and can have considerable impact on the fitness of the individuals (Hopper 1999 ).
An interesting case of cohort splitting was described in populations of the wolf spider Pardosa agrestis (Westring, 1861), an epigeic spider species, dominant in agricultural habitats of Central Europe (Samu & Szineta´r 2002) . Unlike the typical univoltine Pardosa life cycles in the temperate regions-where generally one sexually mature cohort exists in each year (see Schaefer 1977 )-this semelparous species exhibits a phenology with two adult peaks, and hence two reproductive periods in a year (Samu et al. 1998) . As Kiss and Samu (2002, 2005) have shown, this phenological pattern arises from developmental asynchrony in the early summer progeny. Some of the spiderlings, hatching from the first adult generation, between May and June, are only able to reach maturity in the next spring or summer, after overwintering. Others, even from the same brood, are capable of reaching adulthood and reproduce in about three months, thus comprise a second generation within a year (Fig. 1) .
The background of this case of cohort splitting is largely unknown, although previous studies suggested that photoperiod and ambient temperature might be key factors, as spiderlings experiencing long day-length and high (but not stressful) temperatures matured sooner and in higher proportions compared to spiderlings reared in short day-length and lower temperatures (Kiss & Samu 2002; Ra´dai, unpublished results) . In artificial rearing experiments, the ratio of slowly and rapidly developing spiderlings varies among clutches (i.e., among mothers) which might indicate genetic involvement in the rapid development (Kiss 2003; Ra´dai et al.; unpublished data) . Still, the strong influence of ambient conditions suggests that cohort splitting may be the result of a decision on the part of the offspring, in an early time window of their ontogeny.
In this study we propose an early choice hypothesis, stating that weather conditions experienced by the early summer progeny of P. agrestis contribute to a decision between slow and rapid developmental life histories. Based on the results presented by Kiss and Samu (2002) and Kiss (2003) , in an early choice scenario we predict to see that under a narrow range of favourable early weather conditions more spiderlings will choose rapid development. Hence, in years when early weather conditions fall in this narrow range, we would expect to see higher abundances of second generation adults during late summer in natural P. agrestis populations. To test this hypothesis, we have used long term collection data from the natural habitats of this spider species in Hungary (Samu 1999) , and long term weather data provided by the CarpatClim project (Szalai et al. 2012) .
Our working data table consisted of 535 samples (with a total of 5284 collected adult P. agrestis specimens), recorded between 1993 and 2002 in the months from August to November, from the vicinity of 13 settlements across Hungary. For each sample we defined sampling success as the number of adult spiders collected with a given sampling method, at the sampling site and date. Sampling method was either suction sampling or using pitfall traps. Because suction sampling and pitfall traps might differ in how they relate sampling success to density and activity of the animals, our records of sampling successes reflected a combination of both abundance and activity during sampling. In all cases, sampling effort was specified as the number of pitfall traps used, or number of sampling transects of identical lengths (10 meters) for suction sampling. For early weather conditions, principal components (PCs) were calculated for May. We also calculated PCs for the given month of sampling. In the PC analyses, we used six weather parameters for each month, measured at the settlement of the sampling location. The spatial detail of available weather data was 10310 km, therefore we had unique weather data for settlements being at least 10 km apart from one another. The weather parameters were minimum, maximum and mean monthly temperature (Celsius), amount of precipitation (mm), monthly mean of relative humidity and total of sunshine hours in the given month. From the calculated PCA axes, we have used only those with eigenvalues of 1 or higher (Kaiser criterion: Kaiser 1960) , which yielded two PCs for May (hereafter, PC1 and PC2 of May) and two for the sampling dates (hereafter PC1 and PC2 of sampling date). The proportions of variance represented by PC1 and PC2 of May were ca. 74 and 17%, respectively. Also, the proportions of variance represented by PC1 and PC2 of sampling-date were ca. 60 and 20%, respectively. PC1 of both May and the sampling date was strongly correlated with all six weather parameters, and PC2 of both May and the sampling date were at least moderately correlated with all weather parameters (see supplementary material for details, online http://dx.doi.org/10.1636/JoA-S-17-008R2.s1).
To test, how the calculated PCs for May and for the sampling dates are related to the sampling success of second generation adults in the months between August and November, we have applied nonparametric habitat modeling using HyperNiche v2.30 (McCune & Mefford 2009) . In the models, we defined sampling success as response variable, while predictor variables were the calculated principal components for the weather of May and sampling date weather. As additional predictors we also used habitat type (categorical, with levels: arable field, wet meadow, alkaline grassland, rock grassland, disturbed grassy habitat), sampling method (categorical, with levels: pitfall traps or suction sampling) and sampling effort.
Models were acquired by running three model-searching sessions of Local Linear Estimator, using conservative, medium and aggressive over-fitting settings, respectively (3% allowable missing estimates in each). Each session yielded a high number of models, from which the one with the highest cross-validated R 2 value was selected as the best fit, so finally we had one model from each session (i.e., three models in total). To test whether the fitted models are better than could be obtained by chance alone, we have used randomization tests (integrated in HyperNiche) with 100 runs, comparing each model to 100 models with randomly generated predictor values.
In all three best fit models, sampling method and PC1 of May were retained as predictor variables, indicating that out of the tested variables, these consistently explained the variance in sampling success best. Additionally, in the models using medium and aggressive over-fitting settings, PC1 of the sampling date was also retained. All three models explained sampling success significantly better than did randomized predictor values (P ¼ 0.01 in case of all models). Based on the models, highest second generation adult abundances were related to a narrow range of early weather conditions in May (see Fig. 2 ). Similarly, in the models using medium and aggressive over-fitting, a narrow range of sampling date weather conditions was also apparent, at which sampling success peaked (Fig. 2) . Regarding the sampling methods, on average pitfall traps collected more spiders per sample compared to suction sampling; estimated sampling success of pitfall traps and suction sampling were 12.41 6 22.97 and 1.98 6 1.58 (mean 6 standard deviation), respectively.
The selected models' consistent retainment of the PC representing weather conditions in May indicates that early conditions strongly influence the abundance of the second adult generation. The relatively narrow range in the values of May PC1 corresponding to high second generation abundance can be regarded as an optimal set of weather conditions, which enable or contribute to the appearance and high abundance of rapidly developing individuals in the populations.
Although our results support that weather conditions during early larval stages contribute significantly to the abundance of rapidly developing spiders, the mechanism in the background remains unclear. Environmental factors may affect postembryonic development directly, for example through providing cues based on which life history decisions can be made (reviewed in Danks 1994 ). However, they can act indirectly as well, for example due to their effects on prey availability (Hayashi 1988) or metabolism (Gillooly et al. 2001) . In years of drought, low prey abundance might limit the opportunities of the spiders because limited prey availability possibly cannot provide sufficient quantity and / or quality of resources for rapid growth. On the other hand, low temperatures during the first larval stages could lengthen developmental time either by reducing the efficiency of different metabolic processes (Brown et al. 2004; Irlich et al. 2009 ), or simply by decreasing locomotory activity of the animals (Ford 1978) , leading to reduced hunting virtue.
Furthermore, differential survival of spiderlings of alternate developmental trajectories could also contribute to the correlation between late summer adult abundance and weather conditions in May. More precisely, it might be possible that the ratio of slowly and rapidly developing spiders (not assessed in this study) is not as strongly related to environmental cues, e.g., due to genetic polymorphism, and the abundance of late summer adults is affected also by their survival throughout the first larval stages. For instance, spiderlings engaging in rapid development have probably higher demand for energy and nutrients, which, if not met, could lead to increased mortality among rapidly developing spiderlings when food is scarce. Therefore, we cannot rule out that late summer abundance of adults, at least in part, is shaped by the differential survival of the two developmental phenotypes during their early ontogeny. However, considering the results of past rearing studies, in which ambient conditions were shown to increase moulting frequency and probability of moulting to adulthood ( likely that weather conditions experienced by the spiderlings in their early ontogeny have a consistent and profound effect on their development.
The result that weather conditions during the month of sampling show similar effect on the abundance of adults suggests that weather also influences sampling success itself, which is not very surprising, since environmental conditions are known to contribute to the activity, and thus the sampling success of epigeic arthropods (e.g., Honěk 1988; Kiss & Samu 2000) . Under favourable weather conditions in late summer adult spiders might show increased activity due to increased propensity to forage, or to look for potential mates, leading to an increase in their sampling success. On the other hand, severely adverse conditions might not only decrease their activity, but could also increase mortality, leading to significant reduction in population size, and consequently to low sampling success. We note that because the two sampling methods might represent activity and abundance with different weights, by including both types of data, and also sampling method as a factor in our models, we could base our interpretation of the results on an intermediate estimate of activity and abundance.
In Hungarian P. agrestis populations, cohort splitting is a persistent phenomenon (Samu et al. 2011) , but its degree is dependent on both the early summer and late summer weather conditions of the given year. This versatile life history strategy of P. agrestis, that is unique among congeneric wolf spiders, may represent a special adaptation to climatic conditions in Central Europe, making this species able to benefit from variably occurring favourable periods. Cohort splitting may have preadapted P. agrestis to highly changeable agricultural environments, and could be a reason why it has become a successful agrobiont species that attains high abundances in arable habitats (Kiss & Samu 2005) .
In conclusion, our results are in accordance with the prediction of our early choice hypothesis, although in this study we cannot rule out that differential survival of the two developmental forms might also contribute to the observed pattern. The exact mechanism by which early weather affects the life histories of P. agrestis and evokes cohort splitting remains to be studied. Also, it is likely that not only early weather conditions contribute to this case of cohort splitting, so within-and among brood variation in life histories unrelated to weather conditions should also be considered in future studies. Arguably, retrospective approaches using long term data on population ecology and high-throughput modeling methods offer valuable insights on population dynamics, and therefore could be valuable tools when studying cohort splitting. The present example of cohort splitting still holds relevant and important questions regarding its background, function and consequences on the spiders' life histories. In the future, common garden tests and linear or multigenerational heritability studies might make it possible to assess the nature and origin of this case of cohort splitting.
ACKNOWLEDGMENTS
We owe thanks for the work during the samplings to Ms. Erika Botos, Drs. Csaba Szineta´r and Géza Vörös, as they provided invaluable help in field collections. We thank Stefan Sollfors for the original image of P. agrestis based on which the figure of phenology was created. We are indebted to Szabolcs Lengyel for his aid in the preparation of the analysis in this study, and Zolta´n Barta and two anonymous reviewers for their insights and constructive comments on the earlier version of the manuscript. Weather data used in the models was acquired from the homepage of CARPATCLIM Database Ó European Commission -JRC, 2013 (online at http://www. carpatclim-eu.org/). Our work was partially supported by the scholarship of Z. R. providing individual development in the National Talent Programme (NTP-EFÖ-P-15) announced by the Hungarian Human Resources Support Management. F. Samu was supported by NKFIH fund K1 16062. 
